The subcellular localization of many oncogenic proteins is thought to be important for their function. In the case of the middle T antigen of the DNA tumour virus, polyoma, localization to membranes in a speci®c manner is essential for its cellular transforming activity. To investigate factors that in¯uence this localization, heterologous membrane targetting sequences were substituted for the middle T antigen transmembrane domain and the properties of the resulting proteins studied. Whereas C-terminal lipid modi®cation derived from the H-ras CaaX box restored oncogenic activity to nontransforming truncated middle T antigen species, Nterminal myristylation from pp60c-src did not. Furthermore, a region, rich in basic amino acids and adjacent to the middle T transmembrane domain, was found to mediate association with detergent-insoluble cytoskeleton. Co-operation between the basic motif and neighbouring membrane binding domains resulted in speci®c localization of proteins to particular membrane sites, characterized by the association with subcellular structures, likely to be cytoskeletal in nature. These results demonstrate that the cellular localization of MT is regulated by at least two determinants, a transmembrane sequence which confers membrane binding and a basic motif which speci®es a particular site within the membrane.
Introduction
The early antigens of polyoma viruses are able to induce transformation of rodent cells to a tumorigenic state (reviewed, Topp et al., 1981) . Mouse polyoma virus is of special interest in this regard, as unlike the majority of related viruses it expresses a cytoplasmic membrane bound middle T antigen (MT) and a function has only recently been identi®ed that overcomes some aspects of p53 tumour suppressor mediated growth arrest (Doherty and Freund, 1997) . Expression of MT is sucient to transform established rodent ®broblasts (Rassoulzadegan et al., 1982) and results in the activation of a number of mitogenic signal transduction pathways via interaction with cellular enzymes, such as pp60c-src and other family members (Courtneidge and Smith, 1983; Bolen and Israel, 1984; Kornbluth et al., 1987; Cheng et al., 1988; Horak et al., 1989) , protein phosphatase 2A (PP2A; Walter et al., 1989; Pallas et al., 1990 ) and 14-3-3 proteins (Pallas et al., 1994) . Phosphorylation of MT by pp60c-src generates binding sites on MT for a further set of signalling proteins, namely, the 85 kD subunit of phosphatidylinositol 3 kinase (P13K; Courtneidge and Heber, 1987; Kaplan et al., 1987) , Shc (Dilworth et al., 1994) , and phospholipase C-g1 (Su et al., 1995) .
The association of MT with cellular membranes is essential for interaction with these host proteins and its oncogenic activity. Wild type MT binds exclusively to intracellular cytoplasmic membranes in a perinuclear location and, to a lesser extent, at the plasma membrane (Ito et al., 1977; Schahausen et al., 1982; Dilworth et al., 1986) , via a hydrophobic membrane anchor at the C-terminus of the protein (amino acids 394 ± 421; see Figure 1a ) (Carmichael et al., 1982; Markland et al., 1986; Dahl et al., 1992) . With a few exceptions (Markland et al., 1986; Courtneidge et al., 1989) , mutations in these regions disrupt membrane binding, aect the interaction with pp60c-src and generally result in loss of transforming activity. However, replacement of this domain with transmembrane sequences from the vesicular stomatitis virus glycoprotein, or in¯uenza haemagglutinin, whilst producing membrane bound and kinase active complexes, does not result in a protein capable of mediating cellular transformation (Templeton et al., 1984; Ballmer Hofer et al., 1987) . Thus, a speci®c type of association of MT with membranes is necessary to produce the transforming phenotype. A factor that may play a role in this speci®city is association of the protein with cytoskeletal elements, as de®ned by insolubility in non-ionic detergents Andrews et al., 1993; Krauzewicz et al., 1994) . In support of this concept, mutant MTs that do not associate with the cytoskeleton are non-transforming and do not bind pp60c-src, even though they may be membrane bound (Krauzewicz et al., 1994) . Other proteins, such as pp60c-src and pp60v-src also associate with these structures, in a manner that correlates with transformation (Burr et al., 1980; Hamaguchi and Hanafusa, 1987) .
Increasing attention is being directed at the site of action of signal transduction proteins in order to understand the mechanisms involved in mitogenic signalling (Baass et al., 1995) . It has been demonstrated that a number of signalling proteins are localized to membranes via fatty acid modi®cations, for instance, with palmitic and myristic acid (Casey, 1995; McLaughlin and Aderem, 1995) . Such fatty acylated proteins adopt a variety of locations in the cell and at least two lipid groups, or an additional run of basic amino acids, is required in most cases for the interaction to be productive (McLaughlin and Aderem, 1995; Milligan et al., 1995) .
To determine whether acylation motifs can target MT to the speci®c location which has been shown to be necessary for its transforming activity, chimeric proteins were made and their intracellular localization and transforming activities analysed. A truncated MT was generated that lacked only the hydrophobic domain and terminal six amino acids. To this mutant was then added either the C-terminal CaaX-box of Hras, or the ®rst 16 N-terminal amino acids of pp60src, comprising the myristylation consensus signal and basic sequences necessary for membrane binding. Analysis of the mutant proteins demonstrated that acylation at the C-terminus of MT resulted in a transforming species, whereas myristylation at the Nterminus did not. In addition, it was observed that a sequence adjacent to the MT membrane binding domain, characterized by a high proportion of basic residues, appeared to function as a targetting domain in its own right. Evidence presented here supports an association between this motif and non-ionic detergent insoluble elements within the cell, which are likely to be cytoskeletal in nature.
Results
MT consists of an N-terminal activation domain involved in interactions with PP2A and pp60c-src, a secondary eector region (following the splice site) containing SH2 protein binding sites, and a C-terminal localization domain composed of a hydrophobic region (amino acids 394 ± 415),¯anked by charged residues ( Figure 1A ). The importance of the hydrophobic region is demonstrated by the non membrane-binding MT mutant, 1387T, truncated at amino acid 385 (Carmichael et al., 1982) , which is non transforming. This truncation removes not only the hydrophobic domain and C-terminal tail, but also an additional nine amino acids. These residues (amino acids 385 ± 393, with the sequence QRHLRRLGR; depicted in Figure  1A by a black box) form a basic motif, possibly important in MT transforming functions (Markland et al., 1986) . To explore the properties of MT chimeras lacking the hydrophobic sequence alone, a new truncated MT mutant was prepared (MTCOOH; Figure 1A ), in which only the C-terminal 28 amino acids (TLLLVTFLAALLGICLMLFILIKRSRHF), containing the hydrophobic membrane binding domain (underlined) and the six amino acid C-terminal tail, were removed (see Materials and methods). Deletion of the latter can be assumed to have a minimal eect, since removal of these residues does not apparently alter the transforming activity of MT (Dahl et al., 1992) .
In order to study the properties of heterologous membrane attachment signals and their in¯uence on MT transforming function, the C-terminal lipid modi®cation domain of plasma membrane bound Hras, known as the CaaX-box (CMSCKCVLS (Ruta et al., 1986) ), was then fused to the C-terminus of MTCOOH to create the mutant MTCaaX. A further mutant (MyrMT) was created by attaching the pp60src myristylation signal (MGSSKSKPKDPSQRR (Pellman et al., 1985) ) to the N-terminus of MTCOOH.
Mutant genes, under the regulation of the cytomegalovirus immediate early promoter, were transfected into the established rodent cell line, Rat 2. Each mutant was assessed for its ability to transform cells by a focus formation assay, the results of which are shown in Figure 2A ( (Soeda et al., 1980) . Black boxes indicate the arginine rich basic sequence QRHLRRLGR (single letter amino acid code) from amino acids 385 ± 393 and heavily stippled boxes the membrane binding domain of MT (amino acids 394 ± 415). Hatched boxes at C-termini, denote rat H-ras (amino acids 181 ± 189 (Ruta et al., 1986) ) and at Ntermini, pp60src (amino acids 1 ± 15 (Pellman et al., 1985) ) sequences, respectively. Mutant 1387T, which lacks both the basic and hydrophobic regions, has been previously described (Carmichael et al., 1982) . (B) Open boxes denote the`core' GFP sequence (Chal®e et al., 1994) and fused sequences from MT or rat H-ras are represented, as above. Mutant names, as referred to in the text, are given on the left ogy of each cell line, as viewed by phase contrast microscopy, is shown in panels f ± i. Expression of wild type MT (panel f) caused alterations in growth patterns characteristic of a transformed cell phenotype, such as elongation of cytoplasmic processes and loss of contact inhibition; cells stably expressing MTCaaX (panel g) exhibited a more extreme transformed morphology. However, cells expressing MyrMT (panel h) and 1387T (panel i) appeared not to be transformed, having a morphology similarly to that of the parental Rat 2 line.
The transformed phenotype of WTMT and MTCaaX expressing cells was further explored by testing their ability to form colonies in soft agar ( Figure 2B , panels a and b respectively). The 1387T mutant cell line was used as a non-transformed control (panel c). Both WTMT and MTCaaX expressing cells were able to form colonies in soft agar, demonstrating the highly transformed nature of each. More colonies grew from the MTCaaX line indicating that this mutant may have a more severe phenotype than the wild type protein. This notion is further supported by the morphology of MTCaaX expressing foci and the extreme irregularity of growth of the cells, as shown above ( Figure 2A , panels b and g).
To determine the reasons for the failure of MyrMT to transform cells, and further characterise the mutants, the properties of their expressed MT proteins were analysed. Total lysates of cell lines expressing WTMT, MTCaaX, MyrMT and 1387T, or cells transiently transfected with MTCOOH, were fractionated by SDS ± PAGE and analysed by Western blotting. Detection of MT species with speci®c monoclonal antibodies (Dilworth and Grin, 1982; Brewster et al., 1997) indicated that, although there was some variation in levels of protein expressed, full length mutant MT species migrating between 50 and 55 kD, as predicted for the respective constructions, were being synthesised ( Figure 3A , tracks 1 ± 5). The high level of MTCaaX protein expressed may account, to some degree, for the apparent increase in foci and colonies in soft agar obtained with this construct compared to WTMT. Regarding the non transforming mutants, both MyrMT and MTCOOH expressed at levels similar to wild type, although 1387T was expressed at a lower level. Thus, while low protein concentration may play a role in lack of transformation activity associated with the latter species, it is unlikely to be a contributing factor in the non transforming phenotype of MyrMT and MTCOOH.
To ensure that the predicted modi®cations of the CaaX and myristyl signals was occurring, cell lines expressing MTCaaX and MyrMT, as well as WTMT (as control), were grown in the presence of radiolabelled palmitic or myristic acid. Isolation of the proteins by immunoprecipitation and autoradiographic analysis of the products demonstrated incorporation of tritiated palmitic acid by MTCaaX and tritiated myristic acid by MyrMT (data not shown), indicating correct processing of both fatty acylation signals in these mutants. No incorporation of radiolabel by WTMT was observed.
As a marker for the eect of altering the MT membrane binding signal on its interaction with cellular proteins, in vitro kinase assays were performed to measure association with cellular pp60c-src. Both transforming WTMT and MTCaaX co-precipitated with pp60c-src-like kinase activity, resulting in phosphorylation of MT, pp60c-src and the 85 kD subunit of P13K ( Figure 3B , tracks 1 and 2, respectively). MyrMT was not phosphorylated in this assay (track 3), providing an explanation for the lack of transforming activity associated with this protein.
1387T, as previously shown (Carmichael et al., 1982) , also did not activate pp60c-src (track 5). A low level of kinase activity co-immunoprecipitated with MTCOOH (track 4), as shown by the increased background of radioactivity associated with this immunoprecipitation, although it was not directed at a speci®c substrate and its nature was not determined.
To investigate how the modi®cations made to the mutant proteins were functioning to target MT within the cell, and to explore whether the lack of phosphorylation of MyrMT by pp60c-src could be due to aberrant localization of the chimeric protein, the intracellular location of the MT proteins was examined. Figure 4 shows the localization of WT (panel a) and mutant MTs (panels b ± d) by immuno¯uorescence of transiently transfected Rat 2 cells. WTMT (panel a) exhibited a cytoplasmic reticular distribution with perinuclear¯uorescence as previously reported for Figure 3 Expression and associated kinase activity of wild type and mutant MTs. (A) Total protein lysates from 5610 5 cells expressing wild type (track 1), mutant proteins (tracks 2 ± 5, as indicated), or the parental Rat 2 cell line (track 6) prepared by sonicating cell pellets in Laemmli sample buer (Laemmli, 1970) , fractionated by 10% SDS ± PAGE. The proteins were electroblotted to Immobilon-P membrane (Millipore Inc.) and probed with anti MT monoclonal antibodies (Dilworth and Grin, 1982; Dilworth, unpublished) , followed by detection with horseradish peroxidase conjugated secondary antibody and visualized by chemiluminescence (ECL reagent, Amersham Int. plc). (B) MT species immunoprecipitated from detergent cell lysates of 5610 5 cells, washed and assayed for in vitro kinase activity, as previously described (Krauzewicz et al., 1994) . Products were fractionated by 10% SDS ± PAGE and the dried gel autoradiographed using Kodak X-AR ®lm at 7708C for 4 h (tracks 1 ± 6). Tracks were loaded as in A. Migration positions of molecular weight markers, in kD, are indicated. MTs, wild type and mutant MT species; P13K, phosphorylated 85 kD subunit of P13K; c-src, phosphorylated pp60c-src both transiently and stably expressing cells (Zhu et al., 1984; Dilworth et al., 1986; Brewster et al., 1997) . Thus, even with a relatively high level of transient expression in these experiments, a reasonably true representation of the location of MT in the cell was being achieved. Interestingly, the chimeric MTCaaX protein (panel b) displayed a similar localization pattern. This was unexpected as the ras CaaX-box previously has been shown to target proteins predominantly to the plasma membrane (Willingham et al., 1980; Hancock et al., 1991) . The¯uorescence pattern of MyrMT (panel c) whilst consistent with association with cytoplasmic membranes, lacked the perinuclear staining pattern typical of WTMT. Truncated MT mutants, MTCOOH and 1387T (neither of which were transforming, as assessed by focus formation assays) appeared to lack any targetting function, in that¯uorescence was distributed throughout the cell. MTCOOH localization is shown (panel d).
An occasional cell (such as that on the right in panel d) uoresced more intensely in the nucleus than in the cytoplasm, as previously described for truncated MT species (Messerschmitt et al., 1996) . With 1387T, although the protein could be detected by Western blotting, it was not possible to achieve a high enough level of¯uorescence in this study to record by photography.
From the immuno¯uorescence data, it appeared that although WTMT, MTCaaX and MyrMT proteins were membrane bound, there were qualitative dierences in their distribution. To study the membrane association of the mutants biochemically, density fractionation of cells was carried out using standard protocols, to yield three fractions: P100, S100 and P1, enriched for membranes, cytosolic components and nuclei, respectively (see Materials and methods). The presence of MT in each fraction was analysed by Western blotting. The data are shown in Figure 5 panel A. In this assay WTMT was distributed between the P100 and P1 fractions (tracks 1 and 3), as were MTCaaX and MyrMT (tracks 4, 6, 7 and 9). These results con®rmed that, despite the diuse cytoplasmic immunofluorescence staining pattern observed for MyrMT (Figure 3 , panel c), a signi®cant portion of the protein was, nonetheless, membrane associated. Association of MTCaaX and MyrMT with the cytosolic fraction (tracks 5 and 8) may re¯ect the fact that myristylated proteins are not always exclusively associated with membranes (McLaughlin and Aderem, 1995) and sequential post-translational processing events of proteins containing the CaaX box yield intermediates that are cytosolic (Gutierrez et al., 1989) .
A signi®cant ®nding from these experiments arose from the comparison between the two non transforming species, MTCOOH and 1387T. Whereas the vast majority of the 1387T MT was soluble, being found almost exclusively in the S100 fraction (track 14), MTCOOH associated predominantly with the P100 and P1 fractions (tracks 10 and 12). The only dierence in structure between the two proteins is a region of nine amino acids, rich in basic residues, which is deleted in 1387T, but retained in MTCOOH (see Figure 1 ), indicating that this region may be capable of mediating association with membranes, in the absence of the hydrophobic membrane spanning domain.
In addition to associating with membranes, a proportion of wild type MT molecules in the cell associate with non-ionic detergent insoluble structures Krauzewicz, 1994) . Non transforming MTs, particularly those that do not interact with pp60c-src, are not found in this insoluble fraction (Krauzewicz et al., 1994) . This lack of solubility has been correlated with interaction with cytoskeletal elements (Burr et al., 1980) and, more recently, detergent insoluble lipid complexes (lipid rafts) have been de®ned with similar properties (Simons and Ikonen, 1997). The majority of MT is not found in the low density fractions in which lipid rafts sediment (our unpublished data) and EM studies suggest that MT may interact with the membrane cytoskeleton (Andrews et al., 1993) . Thus, to question whether the membrane localization signals investigated here aected association with this discrete site, dierential detergent extractions were performed and the presence of MT in each fraction determined by Western blotting ( Figure 5B ). Three fractions, S, M and R were obtained, composed of non-ionic detergent soluble proteins (tracks 1, 4, 7, 10, and 13), residual soluble proteins extracted with an intermediate wash Figure 5 Cell fractionation of wild type and mutant MT proteins. (A) Density fractionation of cell lines expressing WTMT (tracks 1 ± 3), MTCaaX (tracks 4 ± 6), MyrMT (tracks 7 ± 9) and 1387T (tracks 13 ± 15), or cells transiently transfected with MTCOOH (tracks 10 ± 12), as described in Materials and methods. Cell debris, including nuclei and associated membranes, were isolated by centrifugation at 1000 g (tracks labelled P1). The supernatant was then centrifuged at 100 000 g, resulting in a pellet consisting of membranes (tracks labelled P100), and supernatant containing cytosolic proteins (tracks labelled S100). (B) Cytoskeletal fractionation of cell, as in panel A. Cells were incubated with buer containing non-ionic detergent, as described in Materials and methods. The ®rst two pooled extracts (tracks S) contain soluble proteins. Cells were then washed in the same buer (tracks M) and the remaining cytoskeletal and nuclear structures solubilised in ionic detergents (tracks R). 1610 6 cells were assayed in each track; MT related species were analysed as described in the legend to Figure 3A . Only the section of each gel from 40 ± 70 kD is shown. Molecular weight markers migrating in this region are indicated to the right of the gel. MTs, wild type and mutant MT species (tracks 2, 5, 8, 11 and 14) and cytoskeletal and nuclear proteins solubilized with ionic detergent (tracks 3, 6, 9, 12 and 15), respectively. As with the density separations, WTMT and MTCaaX fractionated in a similar manner ± the proteins being distributed roughly equally between the detergent soluble (tracks 1, 2 and 4, 5) and cytoskeletal (tracks 3 and 6) fractions. The non-transforming MyrMT did not form a high anity interaction with the cytoskeleton (track 9), despite the fact that the myristylation sequence when attached to pp60c-src has been reported to play a role in association with cytoskeletal structures (Kaplan et al., 1994) . Again, a dierence was noted between MTCOOH and 1387T with regard to their solubilities. Although MTCOOH did not appear to interact with typical pp60c-src kinase activity (see Figure 3B ), a signi®cant portion was found to be associated with the cytoskeleton (track 12), whereas 1387T showed no interaction with cytoskeletal structures (track 15).
The localization studies failed to explain the inability of MyrMT to associate with pp60c-src. MyrMT was clearly membrane bound, although it exhibited only weak association with the cytoskeleton. It has been proposed that association with PP2A may in¯uence MT localization, possibly via cytoskeletal elements, and is essential for interaction with pp60c-src (Brewster et al., 1997 and references therein). Therefore, despite the fact that the introduced mutation was far from the proposed PP2A binding site, the status of this interaction was tested. Lysates of parental Rat 2 cells, or those stably expressing WTMT, MTCaaX and MyrMT, were immunoprecipitated with an anti MT antibody (Figure 6 , even numbered tracks), or control antibody (odd numbered tracks) and the products fractionated by SDS ± PAGE and electroblotted to a nylon membrane. The membrane was then probed with anti MT antibody (A), or anti-PP2A 35 kD subunit polyclonal sera (a gift from S Courtneidge; B). PP2A was detected in all three MT speci®c immunoprecipitates. Thus it was concluded that the modi®cations introduced into MyrMT had not aected its ability to interact with PP2A.
To address the possibility that steric hindrance from the myristyl groups on MyrMT and pp60c-src was aecting complex formation, WTMT and MyrMT were transiently transfected into Rat 2 cells, or a line, 2A1, which overexpresses a non-myristylated form of pp60c-src that is capable of interacting with and phosphorylating MT (Wyss et al., 1990) . Kinase activity directed towards either MT, or exogenously added substrate (enolase), was easily detected in association with WTMT in both cell lines. MyrMT, however, exhibited only trace amounts of associated kinase activity in either cell line (less than 5% of wild type levels; data not shown). These data indicate that interference between myristyl moieties is unlikely to be the cause of loss of interaction between the two proteins.
The intracellular localization data obtained for the MT mutants demonstrate that the basic region of MT, from amino acids 385 ± 393, adjacent to the hydrophobic membrane binding domain, may in itself be a protein targetting signal: its presence confers apparent membrane and cytoskeletal association on truncated MT species and may in¯uence the sub-cellular distribution mediated by the CaaX box in MTCaaX.
To analyse the targetting properties of this and other motifs in the relatively`neutral' background of a marker protein, DNAs were constructed to express fusion proteins between CaaX box and MT fragments and the soluble green¯uorescent protein (GFP) of A. victoria (Chal®e et al., 1994) . Chimeric genes (summarized in Figure 1B ) consisted of GFP fused to the basic domain plus hydrophobic tail of MT (GFPRH), or basic (GFPR), or hydrophobic domains (GFPH), alone. As the GFP used (pS65T)¯uoresces only weakly in rodent cells, DNAs were transfected into either human CCL 13 or monkey Cos 1 cells and fusion products detected by¯uorescence microscopy. Data for expression of GFP fusion proteins in Cos 1 cell are shown in Figure 7 . Whilst GFP itself was entirely soluble within the cells (panel a), when fused to the basic plus hydrophobic regions of MT (GFPRH, panel b), it adopted an intracellular cytoplasmic location, reminiscent of wild type MT targetting. Fusion of the hydrophobic domain of MT alone to GFP, resulted in a protein that localized to subcellular structures typical of membranes (GFPH, panel c), (ForstovaÂ , et al., 1993) , as a control (tracks 1, 3, 5 and 7). Immunoprecipitates were fractionated by SDS ± PAGE and electroblotted onto Immobilon P membrane (Millipore Inc) and the blot probed with either anti MT antibody (A), or anti PP2A 35 kD C subunit polyclonal antibody (B). Immunecomplexes were detected with horseradish peroxidase conjugated secondary antibody, followed by development with chemiluminescent reagent, ECL (Amersham plc). Only the regions of the blot between 45 and 70 kD (A) and 25 and 45 kD (B) are shown and the positions of mutant MTs and PP2A C subunit are noted whereas GFP fused only to the basic region of MT (GFPR, panel d) showed no apparent targetting. It was noted that targetting GFP to intracellular membranes in this manner resulted in a much reduced level of protein (data not shown) and, consequently, fluorescence signal. Similar data (not shown) were obtained with CCL 13 cells.
To pursue the observation that MTCaaX subcellular localization was dierent from other protein-CaaX box chimeras, similar studies were carried out with a fusion of GFP and the basic region of MT plus the CaaX box of H-ras. This protein adopted an MT-like distribution (GFPRCaaX, panel e), whereas GFP fused to the CaaX box alone (GFPCaaX, panel f) localized to the perimeter of cells in a manner typical of ras, or CaaX box targetting (Willingham et al., 1980; Hancock et al., 1991) . In order to determine whether the localization adopted by GFPRCaaX was the same as WTMT, attempts were made to co-express the proteins in the same cell. WTMT and GFPRCaaX, or, as a complementary experiment, MTCaaX and GFPRH, were co-transfected into cells and assayed for expression of the genes 48 h later. These combinations of genes, however, appeared to result in complete loss of GFP chimera expression and caused loss of localization of MTCaaX (data not shown). Thus, it was not possible from these experiments to show that the locations of the GFP chimeras are identical to the corresponding MT mutants.
To test the similarities between the MT and GFP chimeras further, it would be predicted that even though GFPR appeared by¯uorescence not to be targetted, a portion of the protein should be directed to a cytoskeletal location by the basic motif, in a manner similar to MTCOOH. Therefore, Cos 1 cells transiently expressing either GFP or GFPR were extracted with non-ionic detergent buers and partitioning of the GFP species between soluble and cytoskeletal fractions determined by Western blotting. The results show that whereas GFP was almost exclusively soluble in the buer (Figure 8 , tracks 1 and 2), a signi®cant proportion of GFPR was associated with the cytoskeleton (track 6).
Discussion
The highly oncogenic function of polyoma virus, middle T antigen (MT), associates with the cellular proto-oncogene, pp60c-src and activates several signal- Figure 8 Cytoskeletal extraction of cells expressing GFP and GFPR. Cos 1 cells expressing GFP (tracks 1 ± 3) or GFPR (tracks 4 ± 6) were extracted as described in the legend to Figure 5B . Soluble proteins (S and M; tracks 1 and 2, and 4 and 5) and cytoskeletal associated proteins (R; tracks 3 and 6) were analysed for GFP expression by Western blotting, using a polyclonal anti GFP serum (Clontech), HRP conjugated secondary antibody and chemiluminescence (ECL reagent, Amersham Int plc). Only the section of the gel from 20 ± 30 kD is shown. The positions of chimeric proteins GFP and GFPR are noted ling pathways, including the ras/MAP kinase pathway (Dilworth, 1995) . However, its gross subcellular distribution appears to dier from that of activated ras signalling complexes. Here, we have analysed factors that in¯uence cellular localization of MT, by exchanging its C-terminal transmembrane domain for the lipid modi®cation signals from H-ras or pp60src (See Figure 1) and determining the eects of the alteration on oncogenic activity. The H-ras C-terminal CaaX-box was found to be fully active in restoring transforming activity to a non-functional mutant of MT (MTCOOH) that lacks the MT transmembrane domain (see Figure 2) . However, the chimeric protein adopted a cellular localization more similar to that of wild type MT than ras: the majority of the protein associated with perinuclear and reticular structures rather than the plasma membrane (compare panels a and b, Figure 4 ) and formed an association with nonionic detergent insoluble structures, unlike wild type ras or other CaaX box chimeras (Hancock et al., 1991; Stokoe et al., 1994; Aronheim et al., 1994) .
Detailed examination of the properties of the MT mutants revealed that a C-terminal region rich in basic amino acid residues (QRHLRRLGR; amino acids 385 ± 393) may be responsible for re-targetting the CaaX box chimera, as this basic domain was found to have targetting capabilities in its own right. Comparing the localization of the C-terminal MT truncation mutants 1387T and MTCOOH, whereas the former is essentially totally soluble, the latter displays both membrane and cytoskeletal anities. This association is unlikely to be a consequence of denaturation of MTCOOH, as other mutant MT proteins which interact with heat shock proteins and, therefore, may be folded incorrectly (Walter et al., 1987; Pallas et al., 1989) , do not accumulate in the cytoskeletal fraction (Krauzewicz et al., 1994) . As MTCOOH lacks an obvious lipophilic domain, it is proposed that the membrane association is indirect, occurring between this basic domain of MT and the membrane cytoskeleton. This possibility has been considered in discussion of another mutant altered in the membrane binding region, NT-1d (Dahl et al., 1992) , in which a single arginine (residue 393) was replaced with glutamic acid resulting in impairment of membrane and pp60c-src association, and partial loss of transforming activity.
The basic amino acid motif was also found to be capable of co-operating with membrane binding domains and in¯uencing localization of heterologous protein species. This was demonstrated by fusing the CaaX-box, either alone, or adjacent to the MT basic region to green¯uorescent protein (GFP; Figure 7) . Such experiments revealed that when the normally soluble GFP was fused to the CaaX-box, it localized to the periphery of cells and to an intense spot near the cell nucleus. If, however, the MT basic region was added (to create a targetting sequence similar to that at the C-terminus of MTCaaX), the fusion protein was directed to internal membranes, in a pattern reminiscent of MT immuno¯uorescence. Where the basic domain was fused on its own to GFP, targetting, when observed by immuno¯uorescence, appeared to be ineective. However, cytoskeletal fractionation ( Figure  8 ) revealed an interaction of GFPR with the non-ionic detergent insoluble cellular structures, in a manner analogous to MTCOOH targetting. These data provide further evidence for the idea that QRHLRRLGR is a novel targetting motif and that it is not dependent for its activity on other functions, either encoded in MT or associated with it (such as pp60c-src).
The location targetted by these motifs may be important to cell growth, as localizing certain proteins to this site produced unpredictable results. Dramatically reduced levels of protein expression were observed for GFP chimeras targetted by basic and hydrophobic domains (data not given) and co-expression of MT and GFP chimeras also resulted in loss of expression. Further, it was not possible to create a stable cell line expressing MTCOOH, even though the mutant protein could be expressed transiently to reasonable levels. Thus, targetting MTCOOH or GFP chimeras to membrane cytoskeleton may result in imbalances in cellular processes or saturation of functionally important sites with non-functional proteins, with profound consequences for cell growth.
The myristylation consensus sequence from src (attached to the N-terminus of MT), was also able to direct the corresponding chimeric protein (MyrMT) to membranes. However, this species exhibited little cytoskeletal anity and did not adopt typical MT localization. MyrMT failed to associate with pp60c-src and did not result in a transforming phenotype for reasons that are unclear. The pp60c-src family of proteins interact with the N-terminal portion of MT, but alteration of this region does not necessarily lead to loss of transforming activity. For instance, a mutant in which the membrane binding peptide from In¯uenza haemagglutinin was fused to the N-terminus of wild type MT was fully transforming (Ballmer Hofer et al., 1987) . By analogy, it seems unlikely that addition of the myristyl signal per se, in MyrMT, altered the protein conformation so as to inhibit association with cellular enzymes; indeed, the mutant protein maintained the ability to interact with PP2A ( Figure 6 ). Further, steric hindrance occurring between myristyl groups on the chimera and pp60c-src was discounted, as MyrMT did not interact with a myristyl-minus pp60c-src (see Results). It may be that juxtaposition of the MT membrane binding domain with the cytoskeletal targetting basic domain is disrupted in this species, resulting in insertion of MT into membranes in a way that prevents interaction with the cytoskeleton and pp60c-src. Alternatively, insertion of MyrMT into the membrane in the opposite orientation to WTMT may disrupt association with cellular proteins.
MT has been proposed to adopt a`tail anchored' topology in the membrane, where the amino terminal portion (with respect to the hydrophobic region) extends into the cytoplasm (Sipos and von Heijne, 1993 ) ± a supposition supported by experimental data . Only a few other intrinsic membrane proteins, such as synaptobrevin (Kutay et al., 1995) and bcl-2 (Janiak et al., 1994) orientate in the membrane in this fashion. Whereas the basic sequence adjacent to the hydrophobic stretch of amino acids of synaptobrevin bears some similarity to MT, there is little similarity in the corresponding region of bcl-2 and neither protein displays an MT-like pattern of immuno¯uorescence staining. Thus, MT localization is not likely to be a product of its tail anchored topology alone. However, other proteins involved in signal transduction, such as T-cell protein tyrosine phosphatase and internalized epidermal growth factor receptor, display a similar perinuclear localization (Lorenzen et al., 1995; Di Guglielmo et al., 1994) and these do contain a basic region comparable to that found in MT, on the cytoplasmic side of their membrane spanning sequences. In the case of the T cell receptor phosphatase it has been proposed that a basic cluster may represent an endoplasmic reticulum retention motif (Lorenzen et al., 1995) . As MT has also been reported to associate with the endoplasmic reticulum (Dilworth et al., 1986) , it would be of interest to determine whether the motifs in the T cell phosphatase and MT have similar functions, and if so, to investigate the role of cytoskeletal localization in endoplasmic reticulum association.
In conclusion, we propose that the speci®c nature of MT membrane association is dependent on a basic domain (QRHLRRLGR), which when contiguous with a membrane attachment signal, such as a lipid modi®cation or a transmembrane sequence, directs association with components of the membrane cytoskeleton. This localization results in accumulation of protein in perinuclear structures. It is noteworthy that even though only a small fraction of MT associates with pp60c-src, a signi®cant proportion of this is attached to the membrane cytoskeleton Krauzewicz, et al., 1994) and may play a dominant role in invoking cellular transformation. As similar sequences occur in cellular proteins with important roles in signal transduction, this motif may represent a general cellular mechanism for cytoskeletal association.
Materials and methods

Materials and cells
All chemicals were obtained from Sigma Chemical Co. (Poole, Dorset, UK) and tissue culture reagents from GIBCO/BRL (Paisley, UK), unless otherwise speci®ed. Commercially prepared antibodies were obtained from DAKO Ltd (High Wycombe, Buckinghamshire, UK) and plasmids, pS65T and pcDNA3, from Clontech (Palo Alto, California, USA) and Invitrogen (Leek, The Netherlands), respectively. Rat 2 cells, the 1387T expressing line and MT monoclonal antibody were from Dr S Dilworth (Department of Molecular Medicine, ICSM, London, UK). Cells were cultured in DMEM supplemented with 5% foetal calf serum.
Construction of mutant cDNAs
The putative membrane localization signal of MT (amino acids 394 ± 421) was removed by cleaving MT cDNA (Strauss et al., 1986) with SacI restriction enzyme and rebuilding the end with annealed oligonucleotides of the appropriate sequence to create the mutant MTCOOH. Alternatively, overlapping oligonucleotides were annealed to create the coding sequence for the H-ras CaaX-box (a nine amino acid sequence containing a series of charged residues and palmitylation site (Ruta et al., 1986) ) added to the Cterminus of MTCOOH, shown diagrammatically in Figure 1 . The membrane association domain of pp60v-and c-src, consisting of an N-terminal myristylation signal, and adjacent charged residues (Pellman et al., 1985) was inserted into an engineered NcoI site at the initiator methionine of MTCOOH (see Figure 1 ). All the cDNAs were then cloned into the vector, pcDNA3 (Invitrogen) under the control of the cytomegalovirus immediate early promoter. Mutant DNAs were sequenced and found to encode the predicted sequences. The mutant 1387T which has a termination codon inserted at amino acid residue 385 has been previously described by Carmichael et al. (1982) and was analysed in a stable cell line constitutively expressing the cDNA under its own promoter.
GFP constructs were created by essentially the same strategies. Oligonucleotides encoding the various motifs were cloned into the SacI and EcoRI sites of the polylinker, of the plasmid pS65T, generating in frame fusions of the motifs at the C-terminus of GFP. As the polylinker encodes several basic residues in frame with GFP, GFPH was made by generating a BspEI site at the 5' end of the MT hydrophobic tail by PCR and then cloning into the BspEI site of the pS65T polylinker. The plasmid containing a GFP gene enhanced for¯uorescence (encoding the S65 to T mutation) was obtained from Clontech.
Transfections and isolation of G-418 resisitant cell lines
Cells (1610 6 ) were transfected, by the calcium phosphate procedure (Graham and van der Eb, 1973) , with 10 mg Quiagen column puri®ed DNA and analysed 48 h later for transient assays, or maintained in culture for 3 weeks, for dense foci assays. Foci were visualized with Leischmann's stain (BDH Gurr). Cell lines for WTMT and MTCaaX were made by picking dense foci, disaggregating the cells with trypsin, and plating at low dilution to obtain single cell clones. The MyrMT cell line was made by selecting transfected cells with G-418 (GIBCO/BRL) (800 mg/ml) for 6 weeks. Resistant colonies were then isolated with cloning rings and replated.
Soft agar assays, Western blotting, immunoprecipitations, kinase assays and cytoskeletal extractions These assays were performed as previously described (Grin and Maddock, 1979; Krauzewicz et al., 1994) .
Immuno¯uorescence and detection of GFP
Cells were plated onto coverslips and allowed to grow to half con¯uence. Cell sheets were ®xed by washing several times in phosphate buered saline (PBS), followed by a 3 min incubation with acetone : methanol (1 : 1). Excess ®x was removed and coverslips allowed to air dry. The ®xed cell sheet was then incubated in PBS supplemented with 0.2% bovine serum albumin (BSA), followed by anti MT monoclonal antibodies (Dilworth and Grin, 1982; Dilworth, unpublished) , washed and then FITC-conjugated rabbit anti mouse or rat polyclonal sera, followed by extensive washing in PBS. Coverslips were mounted and viewed by¯uorescence microscopy, using¯uorescein ®lter sets (exitation at 450 ± 490 nm and emission at 520 ± 560 nm).
For GFP expression, cells were plated onto coverslips and transfected using the same conditions as above. After 4 h, cells were changed into growth medium lacking phenol red and 36 h post transfection mounted and visualized without ®xing bȳ uorescence microscopy, using the same wavelength ®lters as for immuno¯uorescence.
Density fractionation
Cells (3610 7 ), washed in PBS, scraped from dishes, pelleted and resuspended in buer (10 mM Tris HCl, pH 7.5, 250 mM sucrose, 1 mM MgCl 2 ) (1 ml) were incubated on ice for 5 min and homogenized with 20 strokes in a Dounce homogenizer. Nuclei and unbroken cells were pelleted from the resulting suspension at 1000 g, for 5 min. The pellet was then resuspended in buer and rehomogenized to reduce the incidence of unbroken cells. Membranes were isolated from cytosol by centrifugation at 100 000 g, for 2 h. The same proportion of each fraction was mixed with an equal volume of Laemmli sample buer (Laemmli, 1970) , sonicated, heated to 1008C for 3 min and analysed by 10% SDS ± PAGE.
